Serum bone specific alkaline phosphatase, osteocalcin, collagen propeptide of type I collagen (PICP), and urinary type I C-telopeptide breakdown products (CrossLaps) versus bone age. Prepubertal (filled circles), peripubertal (open circles), and postpubertal (crosses).
Introduction
Fractures are a public health problem affecting up to 40% of women and 15% of men (1) . The bone fragility predisposing to fractures is conferred, in part, by a reduction in areal bone mineral density (aBMD). This deficit is often greatest at the fracture site. For example, women with spine fractures have lower spine than hip aBMD, women with femoral neck fractures have lower femoral neck than spine aBMD, and women with distal radial fractures have greater deficits at the radius than at other sites (2) (3) (4) (5) .
As all persons lose bone with advancing age, the greater deficit in aBMD at the site of fracture is commonly attributed to excessive bone loss (3, 4) . However, aBMD in the elderly is a function of the amount of bone gained during growth and the amount of bone lost during aging. The time interval between the attainment of peak aBMD in the second or third decade and the occurrence of vertebral fractures more than 3 decades later probably precludes prospective evaluation of the relative contribution of reduced peak aBMD to the deficit in aBMD in patients with fractures. Nevertheless, some insight has been obtained from studies of the familial resemblance of aBMD in patients with fractures and in their offspring (6) (7) (8) (9) .
Finding reduced aBMD in the offspring of patients with fractures is consistent with the notion that attainment of a low peak aBMD during growth is likely to account partly for the deficit in aBMD in these patients (6) (7) (8) (9) . As the deficit in aBMD in offspring (relative to their age-matched peers) is about half the deficit in their parents (relative to their age-matched peers), and parents and offspring share half their genes, the low peak aBMD may be a sufficient explanation for the reduced aBMD; bone loss, in excess of that seen in the population, need not be invoked.
Furthermore, the greater deficits in aBMD at the fracture site in patients with osteoporosis may be due to regional deficits in peak bone size, aBMD, or both (rather than excessive bone loss) because daughters of women with spine fractures have greater deficits in aBMD at the spine than femur (6) ; daughters of women with femoral neck fractures have deficits in aBMD confined to the femoral neck and midshaft (7); women and men with spine fractures have reduced vertebral body size, but not femoral neck size (10) (11) (12) ; and men with hip fractures have reduced femoral neck size but normal vertebral body size (12) . Thus, factors operating during the first 15 years of life may determine whether an individual has a smaller or larger bone with lower or higher aBMD at one site but not another. Hence, studies of skeletal growth may advance our understanding of the pathogenesis of bone fragility in old age.
The purpose of this study was to describe the age-and pubertal stage-specific tempo of growth in bone size and mineral content of the axial and appendicular skeleton. On the basis of the observations made in this study, we propose that the differing tempo of growth of size and mass of a region, and the differing tempo of growth of one region relative to another, predispose to region-specific
The differing tempo and direction of growth of the periosteal and endocortical surfaces, and the differing tempo of growth of the axial and appendicular skeleton, may predispose to regional deficits in bone size, bone mineral content (BMC), and volumetric bone mineral density (vBMD). These traits were measured during 2 years by dual x-ray absorptiometry in 109 girls. By 7 years of age, bone size was approximately 80% of its maturational peak, and BMC was approximately 40% of its peak. Before puberty, the legs grew more rapidly than the trunk. During puberty, the growth spurt was truncal. Between 7 and 17 years, femoral and lumbar spine BMC increased by 50-150% because bone size increased. vBMD increased by 10-30%. Thus, growth builds a bigger, but only moderately denser, skeleton. Regions growing rapidly, or distant from their peak, may be more severely affected by illness than those growing slowly or nearer completion of growth. Depending on the age of exposure to disease, deficits may occur in limb dimensions (prepuberty), spine dimensions (early puberty), or vBMD by interference with mineral accrual (late puberty). As vBMD is independent of age before puberty, the position of an individual's vBMD in the population distribution is established early in life. Bone fragility in old age may have its foundations in growth.
deficits in bone size, mass, and density, which in turn contribute to the differing types of fractures in old age.
Methods
Subjects. One hundred and nine volunteers from the Ivanhoe Girls Grammar School were recruited after written permission was obtained from the girls, their parents, and the school principal. All the subjects were Caucasian, healthy, and with no diseases, exposure to contraceptives, or drugs known to affect bone. Data were collected at 6 monthly intervals for 2 years. The study was approved by the Austin and Repatriation Medical Centre Ethics Committee.
Bone densitometry, anthropometry, and bone age. Bone mass was measured using dual x-ray absorptiometry (Lunar DPX-L, version 1.3z;Lunar Corp., Madison, Wisconsin, USA) (13) . Results were expressed as bone mineral content (BMC; g) and aBMD (BMC/projected area of the region scanned; g/cm 2 ). Regional BMC was determined by using the "region of interest" option from the total body scan. Spine BMC refers to the spine including third cervical to fifth lumbar vertebrae. The coefficient of variation (CV) was 2-4%.
BMC within a 4 cm 2 projected area centered at the midshaft of the femur was determined using the pediatric antero-posterior spine program. The ruler function was used to determine the periosteal and endocortical diameters. The CV was 1.5%. Femoral midshaft volumetric bone mineral density (vBMD) was calculated as BMC divided by the total shaft volume (i.e., cortical plus medullary volumes, assuming these to be cylindrical). True BMD of the femoral cortex (i.e., the cortical bone "inside" periosteum and "outside" the endocortical envelope) was calculated as BMC/cortical volume (total shaft minus medullary volumes). The true BMD (mineral mass per unit volume of mineralized bone matrix itself) is about 2.05 g/cm 3 by chemical methods (14) . Accuracy errors may occur in the derivation of true BMD because intracortical canals and intracanalicular volumes are ignored (15) , and the estimate assumes that the midshaft of the femur is a cylinder. All the other measures of "density," namely, BMC, aBMD, vBMD, are "apparent" density measurements of the whole bone (marrow space included), although not prefaced in this article by the word "apparent" (16) . Periosteal and endocortical diameters at the midpoint of the third metacarpal were measured using radiogrametry. vBMD of the third lumbar vertebra (L3) was calculated as BMC/vertebral body volume, where volume = area 3/2 (17) . The CV was 0.9-2.9%. The vBMD calculation is likely to be an overestimate (18) , as rectilinear postero-anterior scanning includes the mass of the posterior processes; the growth in size of these structures is not taken into account by the Carter method of deriving vBMD (17) .
Standing height (cm) was measured using a Holtain stadiometer. Femur length (the distance from the inferior border of the lateral epicondyle to the superior border of the greater trochanter) and tibia, humerus, and ulna lengths (mm) were measured using a Harpenden anthropometer. Bone age was determined at baseline and 18 months using the Greulich and Pyle method.
Bone age was used because any delay in puberty will result in a reduced bone mass and size relative to chronological age but not necessarily relative to bone age. Pubertal status was assessed using Tanner breast staging (1 = prepubertal, 2-4 = peripubertal, postpubertal = after menarche).
Biochemical measurements. A 12-hour overnight urine sample was collected before testing. Serum from a fasting blood sample was stored at -40°C. Osteocalcin was measured with a human specific immunoradiometric assay (OC, ng/mL; ELSA-OSTEO, Cis Biointernational, Salcay, France) (19) . Bone-specific alkaline phosphatase was measured using an immunoradiometric assay (BSAP, ng/mL; Ostare; Hybritech Inc., San Diego, California, USA) (20) . Collagen propeptide of type 1 collagen was measured with a 2-site ELISA (PICP, ng/mL; Procollagen-C; Metra Biosystems, Mountain View, California, USA) (21) . Bone resorption was assessed by measuring urinary type 1 C-telopeptide breakdown products with an ELISA (µL/mmol, CrossLaps; Osteometer A/S, Herlev, Denmark) (22) . The intra-and interassay CVs were 7-10% and 7-13%, respectively.
Serum estradiol (E2, pmol/L) and testosterone (nmol/L) were assayed using an ACS:180 Automated Chemiluminescent System (Ciba-Corning Diagnostics Corp., Medfield, Massachusetts, USA). The E2 and testosterone assays had sensitivities of 55 pmol/L and 0.5 nmol/L, respectively, and interassay CV of 8% and 7%, respectively. Commercial RIA kits were used to measure growth hormone (GH, mIU/L; Spectria, Human Growth Hormone, Orion Diagnostica, Espoo, Finland), dehydro-epiandrosterone sulfate (DHEAS, ng/mL; DHEAS Direct, Biotecx, Houston, Texas, USA), and androstenedione (ng/mL; Direct Androstenedione, Diagnostics Biochem Canada Inc., Ontario, Canada). The interassay CVs were 4%, 9%, and 14%, respectively. IGF-1 (ng/mL) was measured by RIA using anti-human IGF-1 antibodies raised in rabbits (GroPep, Adelaide, Australia) and had an interassay CV of 5%.
Statistical analyses. The data are presented in absolute terms, percentage terms, and as a rate of change (centimeters per month and grams per month). To define the relative patterns of growth in bone size and mass, each trait was expressed as a percentage of the predicted adult peak derived from data in the girls with regular menstrual cycles for 2-4 years. For the mixed crosssectional and longitudinal analyses, ANOVA followed by the Fisher method of multiple comparisons was used to compare mean values at each bone age interval. A significance level of P < 0.05 was used for the ANOVA, and 95% confidence level was used for the Fisher comparisons. To determine whether variances increased as puberty advanced, bone age-adjusted residuals for BMC and bone size were plotted against bone age. Levene's test for variances was used to determine significance.
In the calculation of the percentage deficit relative to peak BMC and bone size, we assumed that peak young adult values were achieved at the age of 16 years (23) . The values were derived using data in 36 girls with regular menstrual cycles for at least 4 years, age 16.5 ± 0.2 years, height 163.9 ± 1.0 cm, total body BMC 2,460 ± 67 g, and spine BMC 239 ± 9 g; measurements comparable with those found in 18 women age 24.7 ± 0.5 years, height 164.2 ± 1.5 cm, total body BMC 2,599 ± 93 g, and spine BMC 250 ± 10 g. To compare the growthrelated increases in BMC and vBMD, we regressed each trait on age and compared the ratios of the slope coefficient/residual standard error and the increase expressed in standard deviation scores.
A mixed cross-sectional longitudinal design was used, as this gives an accurate age-specific mean for the trait being studied (24) . There was continuity in the crosssectional and longitudinal data as the absolute values and variance for anthropometric and bone mass measurements did not differ between the subjects tested for the first time at a given age and subjects now at the same age having their first measurement 2 years earlier.
The associations between bone size and mass with sex hormones, GH and IGF-1, were determined during the accelerating and the decelerating phases of growth. Baseline periosteal and endocortical diameters were correlated with hormone measurements. Significantly correlated results were entered into a stepwise regression to identify independent predictors of each trait. All correlations were adjusted for bone age.
Results
At the onset of the study, the participants had a mean bone age of 12 years (range, 6.5-17) and mean chronological age of 12 years (range, 6.9-16.6). Bone age and chronological age did not differ (mean difference = -0.03 ± 0.1 years). Thirty-six girls were prepubertal, with a bone age of 9.3 years (range, 6.3-12) and a chronological age of 9.4 years (range, 6.9-11.9); 26 girls were peripubertal, with a bone age 11.8 years (range, 9.6-15) and a chronological age of 12.0 years (range, 10.1-15.1); 36 girls were postpubertal, with a bone age of 14.9 years (range, 12-17) and a chronological age of 14.6 years (range, 11.4-16.6). Five girls refused assessment of pubertal status.
Growth in bone length and bone mass. Table 1 shows the absolute values for anthropometric and bone mass measurements. Figure 1 shows the results expressed as a percentage of the predicted adult value versus bone age. The shaded region in Figure 1 represents pubertal growth from Tanner stage 2 to menarche. In prepubertal girls with a bone age of 7 years, height, sitting height, and region lengths were approximately 80% of the predicted adult value; total and regional BMC were approximately 40% of the predicted adult value. At menarche
Figure 1
Height, regional lengths, and total body and regional BMC expressed as a percentage of the predicted young adult peak value versus bone age. The shaded area represents the pubertal growth period (Tanner stage 2 to menarche).
(12.7 ± 0.1 years), bone lengths were within 3% of their adult peak; total and regional BMC were 15-20% below their predicted peak. Figure 2 shows that the variance in the age-adjusted BMC residuals increased with advancing bone age, whereas age-adjusted residuals for bone length did not. The pre-, peri-, and postpubertal BMC residuals (g 2 ) increased, being, respectively, 174 ± 34.6, 626 ± 139, and 1,838 ± 381 (spine, P < 0.001), and 4,777 ± 1729, 8,775 ± 2,229, and 27,237 ± 5,539 (legs, P < 0.05 to 0.001). The respective pre-, peri-, and postpubertal length residuals (cm 2 ) did not increase significantly and were 6.1 ± 1.3, 12.9 ± 2.7, 9.7 ± 1.9 (sitting height), and 9.6 ± 1.7, 17.5 ± 10.6, 17.3 ± 3.7 (leg length). Figure 3 shows the prospectively derived rates of total and regional growth in bone size and BMC versus bone age. Growth velocity of sitting height slowed before puberty, accelerated, and then decelerated at approximately 12 years. Growth velocity of the legs was more rapid than that of sitting height before puberty. In contrast to the spine, the legs showed no significant acceleratory phase before decelerating rapidly at approximately 11 years. There was no detectable increase in sitting height after 14 years of age or in leg length after 16 years of age.
At approximately 7 years, mineral accrual at the legs was higher than at the spine (5.1 ± 0.6 versus 0.8 ± 0.5 g/month). At approximately 12 years, mineral accrual was higher in the legs than spine (10.8 ± 0.8 versus 3.8 ±
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Figure 2
The bone-age adjusted residuals for spine and leg BMC increased with advancing age, whereas the bone age adjusted residuals for sitting height and leg length did not. Prepubertal (open circles), peripubertal (filled circles), and postpubertal (filled diamond symbols).
Table 1
Height, sitting height, appendicular segment lengths, total and regional bone mineral content in 109 girls aged 7 to 17 years (mean ± SEM) 0.6 g/month, respectively) despite growth in leg and spine lengths being similar (∼0.3 cm/month). Deceleration in mineral accrual occurred 1 year later than deceleration in bone length at both sites. Bone mass accrual continued at the spine and legs until 16 years of age. Between 7 and 17 years, 1,491 g of mineral was accrued: 42% (630 g) in the legs; 25% (376 g) in the ribs, sternum, pectoral, and pelvic girdles; 12% (176 g) in the arms; 11% (157 g) in the skull; and 10% (156 g) in the spine. Between the 7-11 years (prepuberty), 11-14 years (puberty), and 14-17 years (postpuberty), the increases in spine BMC were 38, 72, and 46 g, respectively. The corresponding increases in leg BMC were 240, 241, and 149 g.
Growth in BMC and vBMD. Midshaft metacarpal and femoral cortical widths were approximately 70% of the predicted adult peak in prepubertal girls (Tanner stage 1). As shown in Figure 4 , periosteal diameter increased at both sites with little change in endocortical diameter. Thus, cortical width increased, particularly when endocortical diameter contracted at Tanner stage 3 at the metacarpal, and after menarche at the femur. Of final cortical width, endocortical contraction contributed 13% at the metacarpal and 7% at the femur.
Bone mass measurements were available for the femur, not metacarpal. As shown in Figure 4 , as periosteal and endocortical diameters of the femoral midshaft increased comparably, cortical width remained constant between Tanner stage 4 and menarche. Despite this, femoral midshaft vBMD increased, presumably because true BMD of the cortex increased (lighter shaded column). After menarche, periosteal diameter increased and endocortical (medullary) diameter decreased resulting in an increase in cortical width (Figure 4 , darkly shaded column). Despite the increasing femoral midshaft cortical width, vBMD remained unchanged, perhaps because true BMD of the cortex decreased.
As shown in Figure 5 , BMC at the femoral midshaft increased across age by 50%, or 3.4 SD. This was 4 times the increase of 0.86 SD in femoral midshaft vBMD. L3 BMC increased across age by 150%; a 3.7 SD increase, 1.5 times the increase of 2.6 SD in vBMD.
Biochemical and hormonal measurements. Biochemical measures of bone remodeling and serum E2 increased, reached a peak at bone age approximately 12 years (Tanner stage 4) and then decreased at menarche at a serum E2 of 200-400 pmol/mL (Table 2 ; Figures 6 and 7) . Change in total bone mass (grams per month) correlated with alkaline phosphatase (r = 0.20), osteocalcin (r = 0.38), P1CP (r = 0.32), and CrossLaps (r = 0.24) (all P < 0.02). Serum E2 accounted for 28% of the variance in leg BMC accrual in the accelerating phase of growth, 19% of the variance in the spine BMC accrual, and 49% of the variance in cortical width in the decelerating phase of growth (both, P < 0.05). IGF-1 accounted for 21% of the variance in the spine BMC in the accelerating phase of growth and for 14% of the variance in endocortical diameter (both P < 0.03). Bone age was the only independent predictor of leg bone mass accrual accounting for 35% of the variance (P < 0.005).
Discussion
We report that BMC and aBMD increased during growth. However, the changes were trait, surface, and region specific: the age of onset, peak growth velocity, and completion of growth of a region's external dimensions preceded the mineral accrued within its periosteal envelope. Before puberty, appendicular growth was more rapid than axial growth. In early puberty, appendicular growth remained constant with no acceleration, whereas axial growth accelerated. Growth of both regions then decelerated in late puberty. Cortical bone width increased due to periosteal expansion followed by endocortical contraction. vBMD of the midshaft of the femur and spine increased.
Growth in size and mass within a region. The differing tempo of growth of bone size and mass within a region may contribute to deficits in bone size, BMC, and vBMD found in
Figure 3
Rates of growth in regional bone length (centimeters per month) and bone mass (grams per month) versus bone age (mean ± SEM). The shaded area represents the pubertal growth period (Tanner stage 2 to menarche).
patients with fractures (12) . As a region's size is nearer its peak than its mass (25) , illness interrupting growth may result in a greater deficit in peak bone mass than peak bone size, leading to a reduced vBMD. For example, in the growing rat, ovariectomy results in excessive appendicular growth (due to failed epiphyseal closure), but similar mineral accrual relative to sham operated controls. Thus, the increase in mass is less relative to the increase in size, resulting in reduced vBMD (26) . Likewise, GH or IGF-1 administration to rats results in a greater relative increase in size than mass so that vBMD decreases (27) . The earlier growth in size than mass in childhood may increase bone fragility and account for the increased forearm fractures observed at around 12-13 years of age (28) .
Growth between regions: axial versus appendicular. Likewise, the differing tempo of growth between regions may predispose to deficits in size, mass, or vBMD at one region but not another. Rapidly growing regions, or regions further from their peak, may be more severely affected by illness than are slowly growing regions or regions that have completed their growth. Before puberty, growth of the legs was more rapid than growth of the spine; 40% of the 630 g of mineral to be accrued in the legs was accrued by 11 years of age, whereas only 24% of spine mineral mass had been accrued. At puberty, growth of the spine accelerated while growth of the legs slowed without a detectable acceleration phase. Hypogonadism or delayed puberty produces increased leg length due to failed epiphyseal closure but reduced trunk length due to failed pubertal acceleration of trunk growth (29) .
vBMD: the result of the relative growth of bone size and the amount of bone accrued within its periosteal envelope. vBMD,
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Figure 4
Midshaft metacarpal and femoral dimensions and femoral midshaft vBMD and cortical true BMD as a function of pubertal status.
the mass per unit volume of bone, is determined by the relative growth of the external dimensions of the bone and the mineral mass accrued within it (16) . vBMD of the femoral midshaft remained relatively constant in early puberty (Tanner 1-4; Figure 4 ). Similarly, constancy of vBMD of the femoral shaft, radial shaft, and vertebral body has been has been reported by several investigators (30) (31) (32) (33) (34) . The increase in vBMD at the spine reported here is likely to be an overestimate because of inclusion of the posterior processes in the measurement (see Methods). This constancy of vBMD during the prepubertal years is not widely recognized because most studies of growth report BMC or aBMD, size-dependent expressions of "density" that increase with age largely because bone size increases (16, (35) (36) (37) . This constancy of vBMD before puberty suggests that the position of an individual's peak vBMD relative to other individuals in the population distribution is likely to be partly determined during early growth. That is, whether a person's vBMD is at the 5th, 50th, or 95th percentile may be partly determined early in life by genetic factors coregulating the relative growth of bone size and mass. vBMD "tracks" because the increase in size during growth is matched by a proportional increase in mass within it, at least before puberty. In morphological terms, the increase in femoral midshaft size was matched by a proportional increase in the cortical width of the enlarging bone. In the spine, vBMD remains constant because the increasing vertebral body size is matched by an increase in the thickness of the existing trabeculae within it (38, 39) .
By contrast, vBMD increased during late puberty and after menarche. For vBMD to increase -for there to be more bone in the growing bone -the increase in mineral mass within the periosteal envelope must be relatively greater than the increase in the external bone size. In morphological terms, vBMD increased at the femoral midshaft because cortical thickness increased by periosteal expansion, slower endocortical expansion, followed by endocortical contraction after menarche (40) BMC and vBMD at the femoral midshaft and third lumbar vertebra versus bone age. expanding periosteum, cortical thickness will decrease.) vBMD of the vertebral body increases during puberty due to continued, and perhaps accelerated, thickening of trabeculae (32, 34, 39) . The numbers of trabeculae, determined early in life at the growth plate, remain constant from early life to adulthood (39) . The increase in vBMD of the femoral midshaft may have also been partly due to an increase in the true density of the cortical shell at menarche because this increase in vBMD of the shaft occurred when cortical width did not change, whereas true BMD increased (Figure 4 ). After menarche, endocortical contraction occurred. Despite this, vBMD remained constant because true BMD decreased, perhaps because secondary mineralization of the newly accumulated matrix had not yet occurred. These inferences will require verification using bone histomorphometry given that the calculation of true BMD assumes that the midshaft of the femur is a cylinder.
Although vBMD increased in late puberty, it is likely that vBMD increased more in some individuals than others. The variance in bone size did not increase, suggesting that bone size may "track," i.e., individuals may gain a similar proportion of their starting value during growth (41) . However, the variance in BMC increased during puberty and after menarche (Figure 2 ), suggesting that BMC may not track; some individuals may accrue a greater "dose" of sex hormone-dependent bone mass per unit bone volume, whereas others accrue less bone mass per unit bone volume. In morphological terms, for a given bone size, some individuals may gain a thicker cortex than others by less expansion of the endocortical surface before puberty by less resorptive modeling or by more endocortical apposition during puberty than others. Persons with higher spine vBMD may have formed greater trabeculae numbers at the growth plate during early development or may have increased trabecular thickness during pre-and peripubertal development (more than others with the same starting bone size). The magnitude of the population variance of each of these structural components of bone need to be defined at each age and for both genders. Then, the genetic and environmental components of the variance can be studied (42, 43) .
In conclusion, the skeleton is not a single functioning entity; the effect of growth, aging, disease, and treatment vary according to whether a region is axial or appendicular, cortical or trabecular, and whether the surface is periosteal or endosteal (endocortical, intracortical, trabecular) (44) . Each surface has a unique developmental pattern. The earlier growth in size than mass within a region, the differing tempo and direction of growth of the periosteal and endocortical surfaces, and the differing tempo of growth of the axial and appendicular skeleton suggests that each trait is regulated differently.
The heterogeneity in the growth of these traits provides the setting for the development of region-specific deficits in mass, size, or density should illness occur. That is, unlike in adulthood, the effect of exposure to a risk factor during growth depends on the maturational level of the region exposed (as well as the exposure "dose"). Thus, bone fragility is likely to have its origins established during growth. A better understanding of the pathogenesis of osteoporosis can be gained by identifying the genetic and environmental factors regulating the periosteal and endosteal surfaces of bone as the absolute and relative changes on these surfaces during growth and aging determine the size, mass, architecture, and strength of the skeleton (45) .
Figure 7
Serum bone specific alkaline phosphatase, osteocalcin, collagen propeptide of type I collagen (PICP), and urinary type I C-telopeptide breakdown products (CrossLaps) versus estradiol. Numbers denote maturational stages; 1 (Tanner stage 1), 2 (includes Tanner stages 2-4), 3 (1.0 ± 0.1 years after menarche), and 4 (3.7 ± 0.1 years after menarche).
